t he β-cell destruction connected to type 1 diabetes (T1D) is usually rapid in young patients and might be more prolonged in adults developing the disease, but the rate may vary to a great extent between these two age groups (1) . With a better β-cell function and more C-peptide, the less is the risk of ketoacidosis (2) . A higher C-peptide at baseline and sustained levels at least a year after diagnosis have also shown to be beneficial to reduce the incidences of microvascular complications in T1D and to allow for intensive insulin treatment (to reach HbA1c < 7.5%) together with fewer incidences of severe hypoglycemia (3) . Furthermore, there are findings suggesting that C-peptide alters interactions between leukocytes and endothelium by causing a decreased upregulation of cell adhesion molecules and thereby reducing the rate of cell adhesion and migration (4) , results that might indicate an inhibitory role of C-peptide in inflammation.
In the majority of T1D cases, autoantibodies toward one or more pancreatic islet proteins, such as insulin, glutamic acid decarboxylase (GAD 65 ), tyrosine phosphatases; IA-2 and IA-2β; zinc transporter 8 (ZnT8) or the peptide antigen, corresponding to a conserved region of the heat-shock protein 60 (amino acids (AA) 437-460) are present, indicating the suggested autoimmune process (5) (6) (7) .
Alterations in levels and patterns of various cytokines and chemokines have been associated with autoimmune diseases both in respect to beneficial and aggravating effects. T1D has been connected to a fluctuation in the T-helper (Th)1/Th2 balance, with an overproduction of Th1-associated cytokines that have been suggested to be prodiabetic and enhance the autoimmune process (8) . Th1-like subtypes, secreting dominantly interferon (IFN)-γ and tumor necrosis factor (TNF)-β, have been shown to be important for the destruction of the insulin-producing β cells (9, 10) . Proinflammatory cytokines, especially TNF-α and interleukin (IL)-6, have shown proof to home to the inflammatory site (11) . Also, IL-17 immunity has been suggested in human T1D due to the findings of increased secretion and expression of IL-17, as well as an increased proportion of IL-17-secreting cells (12) . In contrast, Th2-like cytokines, e.g., IL-4, IL-5, and IL-13 have been shown to be downregulated during this organ-specific autoimmune process (13) (14) (15) . In addition, IL-10 secreted from regulatory T cells (Tr1), and transforming growth factor-β secreted by Th3 cells, inhibits Th1 cytokine synthesis (16) .
Young children, and especially those diagnosed soon after infections, tend to have less remaining C-peptide (17) . Besides this fact, little is known about the heterogeneity of T1D with regard to disease process and clinical course. With the gathered clinical and immunological information, an attempt has been made to describe how clinical features might be related to, and to influence, the outcome of T1D diagnosis.
RESULTS

Low Cytokine Secretion at Diagnosis of T1D
T1D children around the time of diagnosis had lower spontaneous secretions of all of the studied cytokines (IL-6, IL-10, IL-13, IL-17, IFN-γ, and TNF-α) in comparison to Articles Rydén et al.
the healthy children (Figure 1a-f) . In vitro culture of a few, freshly handled, samples of peripheral blood mononuclear cells (PBMCs) collected from a small subgroup showed confirming results of a lower spontaneous secretion of IL-6, IL-13, and TNF-α in T1D children compared to healthy children (Figure 2a-f) .
In contrast, phytohemagglutinin (PHA)-induced response was found in all study subjects and for all the cytokines studied. 
Articles
However, mitogen-induced secretion of IL-10 and IL-17 were generally lower in T1D patients (P = 0.005 and P = 0.014), as were GAD 65 -specific secretions of IL-6 and IFN-γ (P = 0.032 and P = 0.013). Insulin peptide-specific secretion of IFN-γ, however, were higher from T1D patients compared to healthy controls (P = 0.013).
C-peptide in Relation to Cytokine Secretion
A higher C-peptide at diagnosis was associated with higher IL-13 secretions (P = 0.019; Table 1 ), which also tended to be true for spontaneous IL-10 secretions (P = 0.069; Table 1 ).
Higher C-peptide values at T1D diagnosis were also related to higher spontaneous TNF-α secretion (P = 0.038), while lower TNF-α was connected to higher dosage of insulin per kilogram body weight, during the first 24 h following diagnosis (P = 0.005).
Duration of Symptoms in Relation to Proinflammatory Autoantigen Response
Higher GAD 65 protein-specific TNF-α secretions were seen in children with a short duration of symptoms as compared to those with symptoms duration of 6-wk and longer (P = 0.006; Table 1 ). In the same line, IA-2-specific secretions of TNF-α were higher in those individuals whose diagnosis was not preceded by more than 2 wk of symptoms duration (P = 0.021). Moreover, patients with symptoms duration of about 4 wk had higher PHA-induced TNF-α secretions (P = 0.006). Spontaneously secreted TNF-α was higher in T1D children with a duration of symptoms longer than 6 wk as compared to the individuals those had a shorter duration of symptoms before diagnosis (P = 0.028).
In contrast, T1D diagnosis preceded by symptom durations of 12-16 wk was connected to higher spontaneous IL-10 (P < 0.001; Table 1 ) and IL-13 secretions (P < 0.001; Table 1 ). However, observations observed in relation to a longer duration of symptoms were scarce in this material, why this connection should be regarded with some care. Mitogen-induced IL-13 secretion was higher in those individuals whose T1D diagnosis was preceded by 2 (P = 0.001) or 4 (P = 0.000) wk of symptoms duration and was higher in those with longer duration, even though this is uncertain due to the low number of observations.
Ongoing Infection at Diagnosis in Relation to Cytokine and C-peptide Secretion
Children and adolescents with an ongoing infection at the time of diagnosis had higher spontaneous secretions of IL-13 (P < 0.05) and a tendency to higher IL-10 secretions ( Table  1) . Autoantigen-stimulated IL-10 and IL-13 secretions were not influenced by the studied parameters (data not shown). In cases with an infection of 2 wk before the diagnosis, higher TNF-α (P < 0.001), and also IL-10 secretion (P = 0.009), were detected, but the longer the period prior to diagnosis that the patient had suffered an infection, the lower the measured spontaneous TNF-α secretion. The shorter the interval between preceding infection and T1D diagnosis, the lower the C-peptide levels (P = 0.036).
Ketoacidosis and Pubertal Stage at Onset of Disease in Relation to Cytokine Secretion
Individuals with ketoacidosis when diagnosed had a higher ratio of spontaneously secreted IL-10/IFN-γ compared to those without ketoacidosis (P = 0.030), a difference that was further strengthened when withdrawing BMI as a contributing factor (P = 0.017; Table 1 ).
Children/adolescents diagnosed with T1D during pubertal stage IV had a higher ratio of IL-13/IFN-γ compared to children diagnosed during pubertal stage I (P = 0.018). Patients diagnosed during the later stages of puberty (IV and V) responded with higher IFN-γ (P = 0.004) and TNF-α (P = 0.002) secretions to PHA stimulation than those diagnosed during the early-or prepubertal stages.
Correction for Multiple Comparisons
To correct for multiple statistical comparisons, the probability values from the statistical tests were adjusted by false discovery rate. After this adjustment, statistically significant associations remained for the following parameters:
1. Lower spontaneous secretions of all of the studied cytokines (IL-6, IL-10, IL-13, IL-17, IFN-γ, and TNF-α) in T1D children around the time of diagnosis in comparison to the healthy children (P < 0.0001, P = 0.004, P < 0.0001, P = 0.0031, P < 0.0001, and P = 0.0103, respectively). 2. Mitogen-induced secretion of IL-10 and IL-17 were generally lower in T1D patients around the time of diagnosis (P = 0.008 and P = 0.017, respectively). 3. Lower secretion of TNF-α was connected to higher dosage of insulin per kilogram body weight, during the first 24 h following diagnosis (P = 0.01). 4. Higher GAD 65 protein-specific TNF-α secretion was observed in children with a short duration of symptoms as compared to those with 6 wk and longer duration of symptoms (P = 0.0125). 5. PHA-induced TNF-α secretions were higher in patients whose duration of symptoms was about 4 wk (P = 0.0125). 6. Spontaneous secretion of IL-10 and IL-13 was higher in T1D diagnosis preceded by symptom durations of 12-16 wk (P = 0.014 and P = 0.007, respectively). 7. Mitogen-induced IL-13 secretion was higher in those individuals whose T1D diagnosis was preceded by 2 or 4 wk duration of symptoms (P = 0.025 and P = 0.0125, respectively). 8. Higher secretion of TNF-α in T1D cases with an infection of 2 wk before the diagnosis (P = 0.0125). 9. Higher mitogen-induced secretion of IFN-γ and TNF-α in patients diagnosed during the later stages of puberty (IV and V) (P = 0.004 and P = 0.002, respectively).
Secretion of IL-17
Very few subjects had measurable concentrations of spontaneously secreted IL-17 to allow for reliable calculations within the T1D cohort, and as for autoantigen-induced secretions, there were no detectable differences (data not shown).
DISCUSSION
T1D is a serious diagnosis with the prospect of grave short-and long-term complications and even death if poorly managed. With the gathered clinical and immunological information, we have analyzed whether the metabolic state influences the immune balance. The purpose of this study was to investigate the possible associations and interactions between clinical and immunological parameters that might influence each other close to the diagnosis of T1D. The results were adjusted for multiple statistical comparisons, as it is usually done when testing hypotheses. Since this is more of a hypothesis-generating study, this might be unnecessary. We therefore present both the adjusted and the unadjusted probability values. In general, T1D children, around the time of diagnosis, showed a low spontaneous secretion of all the studied cytokines (IL-6, IL-10, IL-13, IL-17, IFN-γ, and TNF-α) in comparison to healthy children. This is in accordance with the decreased Th1 immunology at T1D onset, which we and others have reported previously (14, 15, 18, 19) . It could be speculated that the low, seemingly suppressed, spontaneous cytokine secretions could be an effect of exhaustion of the immune system following the strong immune activation preceding the onset and diagnosis of T1D. A popular idea, connected to the hypothesis that most β cells are destroyed at the time of diagnosis, is that the autoreactive immune cells have nothing left to fight and therefore generate less cytokines. In line with this hypotheses, it was observed that children still able to secrete C-peptide at diagnosis showed an immune response including proinflammatory (TNF-α), Th2-like (IL-13), and, to some extent, also Tr1-like (IL-10) immune markers. This immune response may mirror a still ongoing autoimmune attack of the remaining β cells and confirms our previous observation of an inflammatory immune response at the onset of disease (20, 21) . Moreover, a higher stimulated cytokine secretion seen in T1D, despite low spontaneous secretion, could speculatively be due to the generation of memory cells recognizing the putative autoantigens and thereby augment the immune response upon restimulation in vitro.
It has been shown that an initial low level of C-peptide is a strong risk factor for a decrease in β-cell function (22) . It can be speculated that a more rapid autoimmune progression toward the β cells will cause a burst of exhibited autoantigens that maintains the autoimmune process. In line with this argument, it was observed that children with a short duration of symptoms prior to onset had a proinflammatory response by secretion of TNF-α in response to the diabetes-associated autoantigens GAD 65 and a peptide of IA-2. Speculatively, these children may have a more rapid and aggressive autoimmune process of the remaining β cells. In contrast, children with a prolonged duration of symptoms prior to diagnosis showed a Th2-like (IL-13) and a Tr1-like (IL-10) immune activity that may implicate a less aggressive autoimmune attack. We have previously shown that still-healthy individuals with a high risk of developing the disease have a Th2-prone immune profile in response to diabetes-associated autoantigens (14, 18) . This Th2/Tr1-like immune response may favor survival of β cells and thus delays the onset of disease.
It has for long been discussed that enteroviral infections increase in frequency in newly diagnosed T1D patients. Enteroviral infections have been found almost twice as frequent in siblings who developed clinical T1D than in siblings who remained nondiabetic (23) . Indication of a recent infection by immunoglobulin M class enterovirus antibodies have been found to be significantly elevated in young children with newly diagnosed T1D (23) . Twenty of the 69 T1D children in this study had had an infection up to a month prior to, or still at, diagnosis. As mentioned above, the most common type of infection reported in this cohort was the common cold accompanied by fever, influenza, and, in a few cases, otitis or gingivitis. One child had a urinary tract infection caused by Escherichia coli. In the present study, increased proinflammatory (TNF-α) and Tr1-like (IL-10) immune responses were observed in T1D children with an infection prior to onset of the disease. It was also observed that the shorter the interval between preceding infection and T1D diagnosis, the lower the release of C-peptide. It has recently been shown that monocytes represent an additional cellular target for C-peptide anti-inflammatory activity (24) . Monocytes are pivotal cells in inflammatory responses as they serve as the principal reservoir of proinflammatory cytokines, e.g., TNF-α. These cells are the first to be engaged in nonspecific immune responses such as those triggered by environmental factors, e.g., by infections.
Metabolism and immune function in T1D
Articles Thus, monocytes can be one of the sources of the release of the proinflammatory cytokine TNF-α in children with an infection preceding the onset of T1D.
However, children and adolescent with an ongoing infection at the time of diagnosis showed immune responses focused to Th2-like and Tr1-like immune profiles without increased secretion of TNF-α. This observation is confirmed by a previous study, showing an increased frequency of enteroviral infections in newly diagnosed T1D patients but with lower frequencies of TNF-α in serum as compared to healthy controls (25) .
Children/adolescents diagnosed with T1D during pubertal stage IV were found to have a higher ratio of IL-13/IFN-γ as compared to children diagnosed during pubertal stage I. We can only speculate that patients diagnosed with T1D during the later pubertal stages have slower autoimmune processes and less aggressive immune responses. In contrast, youngsters during the later stages of puberty have the ability to respond in a Th1-and proinflammatory-associated manner from in vitro mitogen stimulation that may indicate a more developed immune system.
Studies on how ketoacidosis affect the immune response at diagnosis of T1D are limited. However, it was recently shown that in children with moderate or severe diabetic ketoacidosis at diagnosis, secretion of IL-6 and IL-10 was elevated (26) (27) (28) . High-sensitive C-reactive protein was also shown to be correlated to the increase in IL-6 secretion indicating an ongoing inflammation (27) . This observation is in line with the present finding, showing a higher ratio of spontaneously secreted IL-10/ IFN-γ in children suffering from ketoacidosis at diagnosis. It has been speculated that these changes may be responsible for increased capillary perturbation, which could subsequently lead to the development of acute ketoacidosis complications (27) .
In this study, all the in vitro analysis have been performed postcryopreservation to exclude any possible differences between freshly and cryopreserved handled cells and also in order to avoid any risk of fluctuation, in time, in the methodology analyzing cytokine secretion. In order to prove that the presented data from cryopreserved PBMCs are trustworthy, we performed the same in vitro culture protocol on a limited subgroup of freshly handled samples. Even if the number of T1D children and healthy controls were very limited, we could still observe lower spontaneous secretions of IL-6, IL-13, and TNF-α in T1D children as compared to healthy controls. This result clearly proves that cryopreserved PBMCs can be used for in vitro culture and that we have been able, in a limited number of samples, to validate our results.
In summary, this study confirms that there is a generally low immune response at diagnosis of T1D. However, high C-peptide, short duration of symptoms, or an infection prior to diagnosis were associated with an increased immune activity, including proinflammatory, Th2-associated, and Tr1-associated cytokines. In contrast, ketoacidosis and later pubertal stage at onset of disease were more related to a Th1-prone response. These data describe a general immune dampening at diagnosis of T1D, which seems to be related to the metabolic state close to diagnosis.
METHODS
Study Population and Collection of Clinical Data
Sixty-nine newly diagnosed T1D children were included in the study (40 females and 29 males; aged 2.3-17 y; mean age: 10.6 y), for the investigation of clinical as well as immunological (cytokines) parameters. As a reference group for the cytokine measurements, blood samples from 30 healthy children (11 females and 19 males; aged 7-15 y; mean age: 11.0 y) were obtained. None of the healthy children or their first-degree relatives had T1D or any other autoimmune disease, and none had increased levels of GAD 65 or IA-2 autoantibodies.
Sodium-heparinized venous blood samples were obtained from children at diagnosis of T1D or during the following days, and from healthy children at school, possibly during the morning hours to avoid time-of-day differences.
PBMCs were isolated using Ficoll Paque density gradient centrifugation (Pharmacia Biotech, Sollentuna, Sweden) and were cryopreserved in liquid nitrogen until further use, as to the fact that blood samples were taken on different occasions.
Information of clinical status of the patients such as BMI, weight loss, pubertal stage, duration of symptoms, previous and/or ongoing infections, insulin requirement, and ketoacidosis were gathered routinely by the treating clinician. Most of the infections reported were specified as common cold or influenza, as well as a few cases of otitis or gingivitis. C-peptide and HbA1c were analyzed in sera.
PBMCs, enriched out of sodium-heparinized venous blood samples, collected from a small subgroup including five T1D children (one female and four males; aged 6-14 y; mean age: 10.8 y) and five healthy children (three females and two males; aged 10-13 y; mean age: 11.4 y) were in vitro cultured immediately after separation, according to the exact same protocol as for cryopreserved PBMCs.
C-peptide Analysis
A time-resolved flouroimmunoassay (AutoDELFIA C-peptide kit; PerkinElmer, Wallac, Finland) was used to measure C-peptide levels in serum samples of fasting T1D children. Validation of assays was performed by including a C-peptide control module containing a high-level control as well as medium-level and low-level controls (Immulite; Siemens Healthcare Diagnostics Products, Gwynedd, UK). Automatic measurement and calculation were carried out using the data management software program 1224 MultiCalc (PerkinElmer), and results were expressed in nanomoles per liter with a detection limit of 0.03 nmol/l.
In Vitro Cell Culturing
Aliquots of one million PBMCs (~91% viability for each population) were diluted in 1,000 μl AIM V research-grade serum-free medium (Gibco; Invitrogen, Stockholm, Sweden) supplemented with 2 mmol/l l-glutamine, 50 μg/l streptomycin sulfate, 10 μg/l gentamicin sulfate, and 2 × 10 −5 mol/l 2-mercaptoethanol (Sigma, Stockholm, Sweden) and incubated in medium alone (spontaneous secretion) or stimulated with 5 μg/ml of the autoantigens GAD 65 (protein; Diamyd Diagnostics AB, Stockholm, Sweden), the synthetic peptide of GAD 65 AA 247-279 (NMYAMMIARFKMFPEVKEKGMAALPRLIAFTSE-OH) with molecular weight 3823.7 (Department of Medical and Physiological
